Since de Wecker first described the "filtering cicatrix" as a surgical treatment for glaucoma in 1882,35 many different filtering procedures have been performed to establish a listula between the anterior chamber and the subconjunctival space. Currently, trabeculectomy is the most popular filtering procedure;& however, full-thickness procedures such as posterior lip sclerectomies, thermosclerostomies, and trephinations are still advocated for some glaucoma patients. '64 Glaucoma filtering surgery (GFS) differs from most surgical procedures in that inhibition of wound healing is desirable to achieve surgical success. In recent years, several surgical and pharmacologic techniques have been introduced to enhance GFS success. In this review, we will summarize wound healing after GFS and describe postoperative clinical and histopathologic features, factors affecting GFS success, and specific methods to improve surgical success.
I. Clinical and Histo thologic Findings After Glaucoma iltering Surgery Ip"

A. BLEB FORMATION, FAILURE, AND ENCAPSULATION
Successful GFS is generally characterized by formation of a filtering bleb, which is a subconjunctival accumulation of aqueous. Functioning blebs may be thin and polycystic ( Fig. 1 ) with transconjunctival flow of fluid.88 Other flatter, thicker, and more diffuse blebs with a relatively avascular appearance in comparison to the surrounding conjunctiva (Fig. 2 ) may also successfully lower intraocular pressure. Kronfeld classified the former as a Type I bleb and the latter as a Type II bleb.8g In failed blebs (Kronfeld's Type III), the scarred conjunctiva firmly adheres to the underlying episcleral tissue (Fig. 3 ). Kronfeld's classification did not include the encapsulated bleb also known as a "Tenon's capsule cyst." 'l'his localized, dome-shaped, cyst-like cavity of hypertrophied Tenon's capsule (Fig. 4 ) forms over the filtering site, usually by the third postoperative week, and entraps aqueous, resulting in increased intraocular pressure.185 Ocular massage, corticosteroids, and bleb needling or surgical revision may restore bleb function by reestablishing drainage of entrapped aqueous into the surrounding subconjunctival tissue.30J36J85 Fig. 4 . Encapsulated bleb with characteristic vascular, dome-shaped, cyst-like appearance. appearance of loosely arranged connective tissue beneath the conjunctival epithelium in functioning blebs. At the light microscopic level, subepithehal clear spaces corresponded to conjunctival microcysts, which are seen clinically and indicate a functional filtering bleb (Figs. 5 and 6) . With electron microscopy the loose connective tissue was observed to contain scattered but otherwise normal collagen fibrils with 50 to 200 micron channel-like spaces throughout the stroma. Both light and electron microscopy showed normal conjunctival epithelium with no junctions between the cells that would limit fluid flow. Failed blebs demonstrated abnormally thickened, dense collagenous connective tissue beneath the conjunctival epithelium, which appeared normal (Fig. 7) . Fibroblasts and blood vessels were also seen within the connective tissue offailed blebs. Addicks et al' have described a histopathologic Histopathoiogically, the walls of encapsulated blebs were thin, almost avascular membranes which consisted of sheets of fibrous connective tissue with areas of active proliferation of fibroblasts.'85 The cyst-like spaces of encapsulated blebs were lined by acellular material, which was probably fibrin, and not by surface epithelium, which lines true cysts.
B. HISTOPATHOLOGIC FINDINGS
C. AQUEOUS PATHWAYS
Addicks et al' proposed that subepithelial conjunctival microcysts represent channels for the passage of aqueous humor, which can follow two possible routes of egress. Aqueous can flow across the conjunctival epithelium into the tear film,88 or be directly absorbed by blood vessels in the subepitheha1 connective tissue.'s'82 Similar pathways were also described by Teng et al 18* who further suggested that direct contact with aqueous degraded subconjunctival and episcleral collagen fibers and contributed to the production of thin multicystic blebs. '** Teng et al also theorized that aqueous may cause "loose perivascular degeneration" of episcleral and subconjunctival capillaries, which may facilitate filtration by increasing aqueous absorption directly through the blood vessel wall.
Another possible aqueous outflow pathway was identified in which the proliferating endothelium of cut capillaries contributed to the formation of anastomotic channels which could communicate directly with the deep scleral venous plexus."' This mecha- an inadvertent cyclodialysis cleft'43J57 or aqueous outflow through the conjunctival lymphatic system.'3J4 Direct aqueous flow through the cut ends of Schlemm's canal was originally theorized as the mechanism by which trabeculectomy reduced intraocular pressure, *26 however, histologic findings do not support this route. '43~'73 The primary mechanism by which trabeculectomy lowers intraocular pressure is subconjunctival filtration.
Whether aqueous passes through the partial thickness scleral flap,16' around the margins of the scleral flap,13 or both remains unclear.
Possible aqueous pathways after trabeculectomy are summarized in Fig. 8 .
II. Animal Models of Glaucoma Filtering Surgery
Clinical and histopathologic observations in humans have contributed to our understanding of functional and nonfunctional blebs. Because the early events of GFS wound healing have not been well described in humans, animal models have been used to delineate the initial stages of wound healing.
A. RABBITS Seetner and Morin described bleb formation after trabeculectomies in rabbits in the first few postoperative days.'58 All blebs uniformly failed in 10-14 days. Histopathologically, fibrin clots were seen in the area of the trabeculectomy after two days. lO-14) , the limbal fistulas, with one exception, were completely closed by granulation tissue. The fibroblasts were oriented in a plane parallel to the cornea, a finding consistent with early wound remodeling and maturation.
In additional studies of the wound healing process after posterior lip sclerectomies in primates, Goodman et aP4 noted initial plugging of the fistula with a fibrin/cellular clot (days l-4). During days 7-14, ingrowth of episcleral fibroblasts, migration of macrophages, blood vessel formation, and deposition of collagen were noted. As previously reported, 34 complete closure of the fistula occurred by day 14.54 A similar healing response was documented by Jampel et al, who utilized electron microscopy, immunohistochemical methods, and autoradiographic studies in addition to light microscopy.78 Autoradiographic techniques demonstrated cellular proliferation along the edges of the wound, in the conjunctival substantia propria, and in the cells lining episcleral blood vessels.
III. Sequence of Events in Wound Healing
Although recent studies have documented the early events of wound healing after GFS, our knowledge remains incomplete. In the context of general wound healing,3g,'32 observations in animal models 34~54*78~1'7~'42~'58 and after GFS in humans1,'82 suggest a sequence of events in GFS wound healing that occurs in early bleb failure. After surgical trauma to the conjunctiva, episclera, and iris, blood vessels constrict, and leakage of plasma proteins (including fibrinogen, fibronectin, and plasminogen) and blood cells occurs.3g,96 When exposed to tissue factors,5 plasma, or blood, or both clot to form a gel-like fibrin-fibronectin matrix, into which inflammatory cells (including monocytes and macrophages), new capillaries, and fibroblasts migrate.34,3g,54,78,'58 Rabbit and monkey studies indicate that fibroblast proliferation and migration after GFS begins around the fifth postoperative day34,Ls8 and that the fibroblasts are derived from the edges of the wound, the subconjunctival tissue, and the episcleral tissue.34,78
The fibrin-fibronectin matrix is eventually degraded by inflammatory cells,3g and fibroblasts subsequently synthesize fibronectin, interstitial collagens, and glycosaminoglycans to form young fibrovascular connective tissue, also known as granulation tissue. 34,3g Blood vessels are reabsorbed over time and fibroblasts largely disappear as the tissue is remodeled to form a dense collagenous subconjunctival scar with scattered fibroblasts and blood vessels.'s3' The events of wound healing in early GFS failure are summarized in Fig. 9 . Fibroblast proliferation and migration play prominent roles in GFS wound healing.34,54,78.'58 Precisely which tissue factors are most important in the activation of fibroblasts after GFS is not known. What is known, however, is that a large number of factors appear to be chemotactic for fibroblasts in The failure probabilities were higher after repeat trabecuiectomies than after single trabeculectomies in POAG (40%, 132 eyes) and PACG (48%, 130 eyes) ," although these differences were less than might be expected. Many more patients in the single and repeat trabeculectomy groups would be needed to statistically differentiate their success rates. Perhaps the general impression that repeated filtering procedures do not fare as well is due to a disproportionate percentage of eyes with poor progress, e.g., congenital glaucoma, among those eyes undergoing such procedures.
E. RACE
The clinical impression that GFS failure in blacks is more likely to occur is widely held.'7,75,'15 and has been attributed in part to an exuberant healing response exemplified by frequent hypertrophic scar (keloid) formation. %,"O However, several recent series have indicated surgical success rates of 73% to 95% (Table  2) follow-up >6 months) in only 57% of blacks after trabeculectomy, the operation was successful in 82% of blacks over age 60."" Whether race, independent of age, is a risk factor for bleb failure remains unsettled though the cited studies suggest that the surgical prognosis in blacks may be better than previously believed. (Table   4 ). 37~g8~'6'~'70~'7'~'72~'8g In short, successful trabeculectomy appears to decrease the incidence of postoperative complications but produces thicker more diffuse blebs and slightly higher postoperative intraocular pressures than full-thickness procedures. that beta irradiation may inhibit libroblast proliferation at rad doses not previously associated with conjunctival"' and sclera12*~7g~'90~'8' necrosis and lenticular opacities.72J8' However, these complications may occur with 2000 rad doses of beta irradiation,'80$'8' which are less than the total doses used to achieve functional blebs in a preliminary animal study48 and one clinical study. 27 The therapeutic efficacy and potential complications of beta irradiation in conjunction with GFS remain to be defined. 378-383, 1984.) 
VI. Aqueous Humor Effects That May Enhance Bleb Formation
A. DIRECT EFFECTS
Excision of Tenon's Capsule
Implants in Glaucoma Filtering Surgery
Antimetabolites a. 5-Juorouracil
Recently, 5-fluorouracil (5-FU), a pyrimidine analog with antimetabolic activity, has gained attention as an adjuvant to GFS. This agent inhibits fibroblast proliferation in tissue culturelg and is believed to reduce postoperative scarring by decreasing libroblast proliferation.57@ Gressel et al described filtering blebs after four months in six of eight owl monkey eyes which received subconjunctival 5-FU and bleb failure in all control eyes within two weeks postoperatively (Figs. 10-13 On the premise that BAPN may decrease the tensile strength of the scar at the filtering site and enhance the development of a functional bleb, topical BAPN ointment was administered for three months after GFS to each of 23 patients with aphakia, neovascular or uveitic glaucoma, or previously failed GFS.12* An overall success rate (IOP 121 mm Hg with or without medications) of 74% was reported with a mean follow-up of 26.4 + 11 weeks.
D-penicillamine, a copper chelator frequently used to treat Wilson's disease, is another lathyrogenie agent which acts at a different site than BAPN to prevent collagen cross-linking.'33 (BAPN inhibits lysyl oxidase and prevents formation of aldol condensation side chains. D-penicillamine prevents cross-linking by chelating lysyl-derived aldehyde condensation bonds after they have formed.'33) Dpenicillamine has been reported to decrease collagen synthesis by subconjunctival tibroblasts."' In a rabbit model, subconjunctival injections of D-penicillamine prolonged the duration of bleb function after GFS;"2a however, the use of D-penicillamine after GFS in humans has not been reported. McGuigan et al have performed animal studies in which cynomolgus monkeys with laser-induced glaucoma underwent punch sclerectomies followed by adjunctive therapy with BAPN or penicillamine.'ub Eyes treated with these agents maintained successful filtration for at least three days longer than control eyes, which received no drug treatment. The authors speculated that the lack of more prolonged effect on the patency of the sclerectomies could be explained by inadequate effective drug concentration or a biochemical action which affects only a minor portion of the healing process.
BAPN and D-penicillamine received attention as possible adjuvants due to their use in the treatment of keloids'34 and urethral strictures.'35 Although their inhibition of mature extracellular matrix production and the possible effects of post-GFS wound healing are of considerable interest, more definitive basic and clinical investigations will be necessary if the potential of these agents for use after GFS is to be determined.
Currently, a multicenter randomized clinical trial is underway to investigate topical BAPN after reoperation in phakic eyes with previously failed glaucoma filtering surgery.
VIII, Future Directions
A. MORE EFFECTIVE DRUG DELIVERY
More effective drug delivery could be beneficial in improving surgical success rates after GFS. As noted, Giangiacomo et al recommended preoperative injection of corticosteroid depots at the operative site.5' Sustained delivery systems of antimetabolites have also been described to provide (1) a reduction in peak drug levels and a more sustained release of drug; (2) a more convenient administration of antimetabolite therapy, which currently often requires frequent subconjunctival injections;68,70p'4g and (3) a possible reduction in associated adverse effects. Sustained drug delivery from liposomes44,'65,'67 and slow release from bioerodable polymersg4 and membranesla are being evaluated.
Liposomes
Liposomes are synthetic membrane-like vesicles consisting of phospholipid bilayers which alternate with aqueous compartmentsg5 Depending on the solubility properties, a drug can be encapsulated in the lipid bilayer or trapped in the aqueous compartment. The drug may then be slowly released as the vesicles are broken down to achieve sustained drug delivery.
Subconjunctivally injected liposomal 5-fluorouracil in rabbits has provided sustained delivery of 5-fluorouracil.44j'65 Pharmacokinetic studies of cytarabine entrapped in multivesicular liposomes have also been performed.
Assil and Weinreb administered 6 mg of subconjunctival cytarabine to 12 rabbits and reported that the tissue half-life of drug at the injection site was 52.5 hours in the six rabbits treated with liposomal cytarabine compared to 0.2 hours in the six control animals treated with the same amount of drug in normal saline solution.4
Liposomal cytarabine and 5-fluorouracil
have not yet been studied in animal models of GFS. Subconjunctival administration of other liposomally encapsulated fluoropyrimidines, including 5-fluorouridine 5'-monophosphate (5-FUMP)'67 and 5-fluoroorotate,54
at the filtering site have enhanced duration of sclerectomy patency and bleb survival in primate models. Bone marrow aplasia in one animal and serious cornea1 complications in another animal were observed in the preliminary study of liposomal 5-FUMP, in which relatively high doses of the drug were used. '67 It is possible that lower doses may still inhibit wound healing and avoid these adverse effects.
Winter et al have described histologically acute and chronic inflammatory changes in rabbits after subconjunctival injection of liposomes with and without 5-fluorouracil.'g5
An initial predominance of eosinophils at four hours after the injections was followed by a shift to neutrophils by 24 hours and to lymphocytes and plasma cells by 48 hours. At one week, macrophages infiltration, fibroblast proliferation, and angiogenesis were noted. The chronic infiltrate had decreased around the injection site after two weeks. It is not yet known whether this type of response occurs with liposomal preparations other than those used by Winter et al.
The relative importance of this potential inflammatory response associated with liposomes'g5 must be evaluated in the context of the sustained fibroblast inhibition that antimetabolites in a liposomal system may produce.
In addition, the commercial feasibility of developing methods for the manufacture of stable and sterilizable liposomal preparations may be a determinant in their future availability.g5J4'
Polymers and Membranes
Lee et al studied a slow release biodegradable polymer [ bis( p-carboxyphenoxy) hexane and sebatic acid] containing 5-fluorouracil which was used as a seton after posterior lip sclerectomies in rabbits.g4 In eyes that received polymer setons with 10% 5-FU, lower mean intraocular pressures were maintained in the period to "double failure" (return of IOP to within two mm Hg of the preoperative starting pressure) as compared to eyes which did not receive 5-FU. However, the effect of 5-FU on prolonging time to failure was not statistically significant. 
Polyvinyl
alcohol membranes which permit linear release rates of 2 1.7 mg/hr/mm* of membrane have also been designed for sustained 5-FU administration."j8 Pharmacokinetic and efftcacy studies in animals have not been reported with this system. Although investigation of sustained release systems for antimetabolites in GFS remains preliminary, the concept of controlled release to maximize the therapeutic effect and minimize relative toxicity is appealing. Fig. 14. It is likely that only through carefully controlled clinical trials will the efficacy and optimal timing of such therapy be established. 
Combination Drug Therapy
B. SURGICAL INNOVATION
IX. Conclusions
Wound healing after glaucoma filtering surgery depends on a wide variety of clinical, physiologic, surgical, and pharmacologic factors that may affect surgical success. We cannot predict which of the newer methods will prove to be most successful. However, a more complete knowledge of the principles of wound healing and new information derived from well controlled basic and clinical studies will enable us to better assess the safety and efficacy of current and future therapies. 
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